In the wild-type brain, the Drosophila classic cadherin DE-cadherin is expressed globally by postembryonic neuroblasts and their lineages ("secondary lineages"), as well as glial cells. To address the role of DE-cadherin in the larval brain, we took advantage of the dominantnegative DE-cad ex construct, the expression of which was directed to neurons, glial cells, or both. Global expression of DE-cad ex driven by a heat pulse during the early second instar resulted in a severe phenotype that included deficits in neural proliferation. Neuroblasts appeared in approximately normal numbers but had highly reduced mitotic activity. When the DE-cad ex construct was driven by the glial-specific driver gcm-Gal4, the effect of DE-cad ex on neuroblast proliferation could be replicated, which indicates that DE-cadherin acts in glial cells to promote proliferation of neuroblasts. Expression of DE-cad ex in neurons, cortex glia, or both results in abnormalities in cortex layering and in trajectories of secondary axons. In the wild-type brain, neuroblasts and neurons generated at different time points are arranged concentrically around the neuropile, with the DE-cadherin-positive neuroblasts and young secondary neurons at the surface, followed by older secondary neurons and primary neurons. Axons of secondary lineages follow a straight radial course toward the neuropile. Processes of glial cells located in the cortex form a scaffold, called trophospongium, that enwraps neuroblasts and neurons. Expression of DE-cad ex in neurons, cortex glia, or both disrupted the regular placement of neuroblasts and secondary neurons and resulted in abnormal trajectories of cell body fiber tracts. We conclude that DE-cadherin plays a pivotal role in larval brain proliferation, brain cortex morphogenesis, and axon growth.
Introduction
The cadherin superfamily of cell adhesion molecules plays an essential role during multiple steps of neural development. Members of this large family include the classic cadherins, which are linked to the actin cytoskeleton via binding to the proteins of the catenin family, and nonclassic cadherins that lack this link. Both classic and nonclassic cadherins preferentially homodimerize, which is important for mediation of cell-cell sorting in tissues that express differential patterns of cadherins (for review, see Tepass et al., 2000) . In vertebrates, cadherins are widely expressed in the nervous system in distinct patterns; this finding, in conjunction with numerous experimental studies, corroborates the importance of cadherins in nervous system regionalization, axon tract formation, and synaptic connectivity (for review, see Redies, 2000) .
The study of the role of cadherins in Drosophila neurogenesis has been limited so far to the Drosophila classic cadherin DNcadherin. DN-cadherin is expressed in the embryonic mesoderm and later by all neurons and their axons (Iwai et al., 1997) . Loss of DN-cadherin in the embryo results in subtle defects in axon fasciculation and growth cone navigation. During larval visual system development, loss of DN-cadherin in the R7 photoreceptor leads to defects in target specificity (Lee et al., 2001) . In addition to DN-cadherin, Drosophila embryos express DE-cadherin. DEcadherin, which is expressed in all epithelia from the blastoderm stage onward, is downregulated in cells that lose their epithelial characteristics, including the mesoderm, neuroblasts, and their neurons (Tepass et al., 1996; Uemura et al., 1996) . Loss-offunction analysis of DE-cadherin in the embryo and during oogenesis has demonstrated its requirement for the formation and maintenance of epithelial cells and for cell-cell sorting processes (Godt and Tepass, 1998) .
Recently, we have shown that during larval neurogenesis, DEcadherin is turned on in postembryonic neuroblasts and their progeny (secondary neurons) in a dynamic pattern (Dumstrei et al., 2003) . In addition, neuropile and surface glia express DE-cadherin at a high level. This global expression prompted us to speculate that DE-cadherin-mediated adhesion between glial cells, neuroblasts, and neurons may be essential for larval brain morphogenesis. The Drosophila brain originates in the early embryo with the delamination and subsequent proliferation of a population of neuroblasts that generate, in a stem cell-like manner, a fixed set of so-called primary glial and neuronal lineages. After a phase of mitotic "dormancy" that lasts from late embryogenesis to the end of the first larval instar, neuroblasts become active again and initiate a second wave of neural proliferation that gives rise to secondary (larval and pupal) lineages (Truman and Bate, 1988; Ito and Hotta, 1992) . The pattern of neu-roblast proliferation and neural differentiation generates a concentrically organized ganglionic brain, comprising a central neuropile formed by neuronal processes and synapses, surrounded by an outer cortex of neuronal and glial cell bodies. Neuroblasts and secondary neurons form the outer realm of the cortex. Secondary neurons are delayed in regard to morphological and functional differentiation (Truman, 1990) . They form axonal processes (cell body fibers) (Strausfeld, 1976; Dumstrei et al., 2003) , which penetrate the cortex and, in most cases, halt at the cortex-neuropile border. During metamorphosis, primary and secondary neurons become integrated into the adult neuropile (Truman et al., 1994) . Glial cells form a sheath-like covering of the larval brain as a whole (surface glia), of individual neuronal lineages or parts thereof (cortex glia), and of the neuropile (neuropile glia) .
Given its widespread expression in neuroblasts, secondary neurons, and glial cells, it stands to reason that DE-cadherin is involved in multiple steps of postembryonic neurogenesis. In particular, interactions between glial cells and neurons, shown to be crucial in neural proliferation, axonogenesis, and connectivity in vertebrates (for review, see Lemke, 2001 ), could be controlled by DE-cadherin-mediated adhesion. In Drosophila, surface glial cells appear to be involved in the onset and rate of neuroblast proliferation (Ebens et al., 1993) . The glia of the Drosophila optic lobe play a crucial role in directing the connections between retinal axons and their central targets (Poeck et al., 2001 ). Other functions, including control of placement of neurons within the cortex, trajectory of proximal axon tracts, and ordered entry of these tracts into the neuropile, are to be expected.
In the present study, we used a dominant-negative construct of DE-cadherin, DE-cad ex (F. Wang, K. Dumstrei, T. Haag, and V. Hartenstein, unpublished observations), to investigate its function during larval neurogenesis. We show that ubiquitous expression of this construct leads to reduced neuronal proliferation that results in the absence of many neurons and their axon tracts. This phenotype is likely attributable to glial cell defects, because it can be phenocopied when expressing DE-cad ex in the glial cells alone. We further confirm the hypothesis that expression of DE-cad ex in the neuronal cells results in loss of normal neuronal cell body placement in the cortex of the larval brain and irregularities in their axon projections through the cortex. We discuss the implications of DE-cadherin-dependent glia-neuronal cell interactions, as well as the role of cell adhesion molecules in cell sorting during neurogenesis.
Materials and Methods
Immunohistochemistry. An antibody that recognizes bromodeoxyuridine (BrdU; Becton Dickinson, Mountain View, CA) was used at a dilution of 1:40. Anti-␤-galactosidase antibody (Promega, Madison, WI) was used at a dilution of 1:100. An antibody against castor was used at a dilution of 1:500 (Kambadur et al., 1998 ; kindly provided by Dr. W. Odenwald). A monoclonal antibody against the FasII protein was used at a dilution of 1:50 (Grenningloh et al., 1991 ; kindly provided by Dr. C. Goodman). An antibody against DE-cadherin was used at a dilution of 1:200 (Dumstrei et al., 2003) . Anti-syntaxin antibody that labels the neuropile was used at a dilution of 1:10 (Fujita et al., 1982 ; obtained from the Developmental Studies Hybridoma Bank maintained by the Department of Pharmacology and Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, MD). AntiRepo antibody, which labels all glial cells, was used at a dilution of 1:1000 (Campbell et al., 1994 ; kindly provided by Dr. A. Tomlinson). Secondary antibodies, which were Cy3-conjugated anti-rat Ig and anti-rabbit Ig (Jackson ImmunoResearch, West Grove, PA) and FITC-conjugated anti-mouse Ig (Jackson ImmunoResearch), were used at a 1:100 dilution. For antibody labeling, standard procedures were followed (Ashburner, 1989) .
Fly stocks. Oregon R flies were used as the wild-type stock. The following fly lines were used: UAS-DE-cad ex , which carries two copies of the DE-cad ex construct on the X chromosome (Wang, Dumstrei, Haag, and Hartenstein, unpublished observations); actin "cdc2"-Gal4 (Ito et al., 1997 ; kindly provided by Dr. J. Lengyel); hs-FLP;UAS-green fluorescent protein (GFP) (Ito et al., 1997 ; kindly provided by Dr. J. Lengyel); hsGal4, Nrv2-Gal4;UAS-GFP (Sun et al., 1998) ; gcm-Gal4 (kindly provided by Dr. L. Zipursky); and elav-Gal4 (available from the Bloomington Stock Center). Flies were grown under standard conditions at room temperature or at 25°C. Egg collections were done on yeasted apple juice agar plates. Hatching larvae were transferred to Petri dishes filled with standard fly food. Larvae were collected at desired time points, and brains were dissected in PEMS (0.1 M PIPES, 2 mM MgSO 4 , and 1 mM EGTA, pH 7.0)-buffered 4% formaldehyde for 20 min.
GFP clones. The hs-FLP;UAS-GFP stock was crossed with the actin "cdc2"-Gal4 line. Progeny were raised at 25°C until the first instar larval stage, heat-pulsed at 37°C for 5 min, and placed back at 25°C. Wandering third instar larvae were dissected, fixed, and stained with either anti-DEcadherin or anti-syntaxin antibodies.
BrdU incorporation. BrdU was dissolved in 40% ethanol (1 mg/100 l) and mixed with fly medium to a final concentration of 1 mg/ml. Larvae were placed in vials with BrdU-containing food for 5 hr, at which point the brains were either dissected and fixed immediately in 4% formaldehyde or placed in normal fly medium until they reached the desired stage. After dissection and fixation for 20 min, the brains were washed three times for 15 min each in PBS and incubated in 2 M HCl for 45 min to denature BrdU-labeled DNA. The brains were washed three times for 15 min each and stained with antibody according to standard procedures (Ashburner, 1989) .
To estimate the number of dividing cells in the larval brains (see histogram in Fig. 4 ), BrdU-positive cells were counted from confocal sections that were taken 10 m apart, with the series starting from the anterior section and moving posteriorly. Five UAS-DE-cad ex brains were counted as controls. Six gcm-Gal4;UAS-DE-cad ex brains were counted as experimental samples. The average number of BrdU-labeled cells per brain was calculated after the samples with the highest and lowest number of BrdU-labeled cells were removed, which left three samples for the control and four for the experimental samples.
Acridine orange staining of larval brains. UAS-DE-Cad ex16 ;hs-gal4 and wild-type specimens were collected as embryos for 8 hr at 25°C and aged to the early second larval instar (ϳ48 hr after eggs were laid). After a 10 hr heat shock, larvae were transferred back to the 25°C incubator and aged until the mid third instar (ϳ16 hr after heat shock). At that time, larval brains were dissected in Ringer's solution and stained with acridine orange (Sigma, St. Louis, MO; 1.6 ϫ 10 Ϫ6 M in Ringer's solution) for 5 min in the dark under gentle shaking. The brains were washed in Ringer's solution for 10 min and mounted on slides with spacers. Confocal images were taken immediately after the staining.
Confocal microscopy and three-dimensional digital models. Confocal images were taken on an MRC 1024ES microscope (Bio-Rad, Hercules, CA) with Bio-Rad Lasersharp version 3.2 software. Three-dimensional digital models were prepared as described by Nassif et al. (1998) .
Results

Cellular architecture of the larval brain
The larval brain is organized into concentric layers, with a central neuropile formed by axons, the cell bodies of which form the cortex that surrounds the neuropile (Fig. 1 A) . During early larval stages, only neurons born during the embryonic period (primary neurons) are present. Toward the end of the first larval instar, neuroblasts located at the surface of the cortex become active and divide with a vertically oriented spindle to produce ganglion mother cells. Ganglion mother cells undergo one more division to form larval (secondary) neurons and glial cells. These secondary cells form a layer surrounding the primary neurons. Within the secondary neuronal layer, position is also correlated to time of birth, with young neurons situated superficially and old neurons situated deeply (Fig. 1C,D) . Using the flippase/flippase recombination target (FLP/FRT) system to mark cell lineages, individual clones of secondary neurons, and their neurites were labeled ( Fig. 1 B) . Neurites emanating from neurons belonging to one lineage form a coherent bundle, the cell body fiber tract (CBT) (Strausfeld, 1976; Dumstrei et al., 2003) . CBTs penetrate the cortex in a straight radial trajectory. Many tracts stop at the neuropilecortex boundary and do not appear to enter the neuropile during the larval period. Other CBTs enter the neuropile and navigate around the compartments of the neuropile without forming any arborizations that intermingle with the neuropile formed by primary neurons (Fig. 1 B) .
Three different types of glial cells (surface, cortex, and neuropile glia) can be visualized with an antibody against the homeobox gene Repo, which is expressed in all glial lineages from an early stage onward (Campbell et al., 1994) (Fig. 1 E) . Whereas Repo is a nuclear antigen, gliadirected expression of GFP by driver lines such as gcm-Gal4 (Booth et al., 2000) and Nrv2-Gal4 (Sun et al., 1998) , in combination with FRT/FLP-induced labeled clones, permit one to visualize the outline of individual glial cells at different stages and thereby follow the morphogenesis of the various types of glial cells. This approach reveals impressively the complex glial "trophospongium" (Hoyle, 1986) in the larval brain ( Fig. 1 F-H ) . The trophospongium is a sponge-like matrix of cortex glial processes that arise in the late embryo and grow by both cell division (cortex glia clones contain six to eight cells 48 hr after clone induction) and cell size increase. Growth of the trophospongium and neuroblast proliferation appear to be coordinated in a complex manner. Thus, close to the brain surface, individual chambers of the trophospongium are large, containing a neuroblast and 15-20 neurons ( Fig. 1 F-H , arrow) . It is possible that each superficial trophospongium chamber corresponds to one secondary lineage, such that the neurons formed by one neuroblast over a certain period are "received" into one chamber, thereby isolating them from other lineages. At deeper levels, chambers become smaller, in many cases taking up no more than a single neuron (Fig. 1G,H, arrowhead) . This implies that there is a dynamic rearrangement of glia processes at the transition zone from large chambers to small chambers.
DE-cadherin expression in the larval brain
The expression of DE-cadherin was monitored with a polyclonal antibody and a P lacZ insertion into the shg gene, shg P34-1 (Tepass et al., 1996) . In the embryo, DE-cadherin is expressed in all epithelial cells and is downregulated as cells undergo epithelial to mesenchymal transition. In that way, DE-cadherin is lost in neuroblasts and their progeny but is expressed in glial cells. By contrast, in the larval brain, DE-cadherin is also expressed in most neuroblasts and secondary neurons, in addition to glial cells and the cerebral tracheae that grow into the brain ( Fig. 2A-C) . Expression in neuroblasts begins as these cells become mitotically active and persists throughout larval life. Both DE-cadherin RNA (data not shown) and protein are still present in ganglion mother cells and postmitotic neurons located superficially around the neuroblasts. Expression is downregulated after a certain interval, because deeply located secondary neurons are no longer labeled by DE-cadherin antibody or probe. This can be observed in GFP-positive clones, induced during the early second instar and fixed during the mid third instar, double-labeled with DE-cadherin antibody (Fig. 2D,E) . These clones contain a neuroblast and several cells in close proximity labeled with both GFP and anti-DE-cadherin, whereas deep neurons only express GFP. The transient DE-cadherin expression is also demonstrated by labeling dividing neuroblasts with BrdU during the second instar followed by fixing and staining the brains for DE-cadherin expression after 2 or 36 hr during the mid third instar. In the first case, BrdU-positive cells overlap with DE-cadherin expression in newly born neurons (Fig.  2F) ; in the latter case, BrdU-positive neurons born during the second instar have moved deep in the cortex and do not express DEcadherin (Fig. 2G) .
DE-cadherin is required for postembryonic neural proliferation and differentiation
The role of DE-cadherin during larval brain development was addressed with the dominant-negative construct UAS-DE-cad ex . This construct contains the extracellular and transmembrane regions but lacks the cytoplasmic domain. The latter domain is required for binding to the catenins, which link the classic cadherins to the actin cytoskeleton, and is required for the adhesive functions of classic cadherins. Ectopic expression of this construct in the embryo with daughterless Gal4 results in a DEcadherin loss-of-function phenotype. Furthermore, expression of DE-cad ex in an shg null background does not lead to any detectable rescue of the embryonic phenotype as assayed by cuticle preparations (Wang, Dumstrei, Haag, and Hartenstein, unpublished observations) .
Because the DE-cadherin antibody recognizes the extracellular domain of the protein, ectopic expression of the DE-cad ex construct can be monitored with this antibody. Even though a ubiquitous driver line, hs-Gal4, was used, high levels of DE-cad ex were only observed in cells that endogenously expressed DEcadherin, i.e., glial cells, neuroblasts, and secondary neurons (Fig.  3B,F ) . Less DE-cad ex was detected in primary neurons and the neuropile (formed by processes of primary neurons). Like endogenous DE-cadherin, DE-cad ex was localized at the cell membrane. This notion is supported by the finding that DE-cad ex expressed in cultured S2 cells is integrated in the cell membrane (Fig. 3B, inset) .
Global expression of DE-cad ex driven by a heat pulse during the early second instar followed by fixation during the mid third instar resulted in severe deficits in neural proliferation and morphogenesis. The most conspicuous phenotype was the reduced brain size and the loss of most proximal axon tracts compared with control larval brains (Fig. 3A,B ,G,H ). As observed generally in experiments in which transgenes are driven by Gal-4 driver lines, the expressivity of the phenotype covered a wide range. In brains most heavily affected (20 -30%), neuroblasts appeared in approximately normal numbers but had highly reduced mitotic activity, as shown by BrdU-labeling experiments. BrdU was fed for 5 hr to second instar hs-Gal4;DE-cad ex larvae, immediately followed by a 10 hr heat pulse and fixation after 24 hr. In experimental brains, the number of mitotic cells (neuroblasts and ganglion mother cells) was reduced to Ͻ25% of that of control animals (Fig. 3D) . The number of secondary neurons produced by dividing postembryonic neuroblasts was reduced correspondingly (Fig. 3H ) . Excess cell death did not appear to contribute to the reduced brain size, because labeling of DE-cad ex and control brains heat-shocked and aged identically showed a similar amount of acridine orange-positive cells in the brain (Fig. 3I,J ) . Apart from reduced brain size, the lack of proper spacing between the neuroblasts is another characteristic of DE-cad ex brains. In the control larval brains, neuroblasts were relatively evenly spaced over the surface of the central brain (Fig. 3A) , an effect caused by the growing number of secondary neurons that pushed . C, D, AntiBrdU (green) and anti-DE-cadherin (red) labeling. In both the control and experimental animals, BrdU was fed for 5 hr during the second instar, followed by fixation and labeling 24 hr later. BrdU-positive cells were strongly reduced in the experimental animal. co, Cortex; ol, optic lobe; np, neuropile. E, F, Labeling with anti-FasII (green) and anti-DE-cadherin (red) to show the lack of axon tracts (arrows in control shown in E) in the experimental brains (F). Both sections were taken at the anteroposterior level of the dorsal lobe of the mushroom body, demarcated by the arrowheads in E and F. G, H, Histological sections of wild-type ( G) and experimental ( H ) brain labeled with methylene blue. Neuroblasts (nb) in wild type are embedded in clusters of small secondary neurons (sn). Secondary neurons form CBTs (cbt) that traverse the cortex. Primary neurons (pn), characterized by their larger size, are located in the deep layer of the cortex. Apoptotic cells (arrowheads; enlargement in inset) are scattered at a low frequency throughout the cortex. In experimental brain, secondary neurons and CBTs are strongly reduced. The number of apoptotic cells is not increased compared with wild type. I, J, Acridine orange labeling of apoptotic cells in central brain (cb) and optic lobe (ol) of wild-type and experimental animals. Cell death is very limited in the central brain of both wild type and mutant. co, Cortex.
the neuroblasts away from each other. In the experimental larval brains, neuroblasts were typically clustered closely together (Fig.  3B) . Given the abnormal spacing of neuroblasts and their reduced rate of mitosis, we were able to sample only a few neuroblasts in mitosis. In these cells, the orientation of the mitotic spindle was vertical or close to vertical, just as seen in the wildtype control (data not shown).
The reduced neuroblast proliferation and consecutive decrease in size of secondary lineages seen in DE-cad ex -expressing larvae were accompanied by a global loss of CBTs. Figure 3E illustrates the centroanterior protocerebral tract , which can be identified easily in wild-type brains by its proximity to the spur of the mushroom body and which is absent in hs-Gal4;UAS-DE-cad ex brains (Fig. 3F) . By contrast, axons formed by primary neurons and their terminal branches that make up the neuropile appeared to be mostly undisturbed, as shown by labeling of brains with the antiFasII antibody (Fig. 3E,F) .
The effect of DE-cadherin on neural proliferation is mediated in part by glial cells
Previous reports indicating that glial cells may produce factors controlling neuroblast proliferation (Ebens et al., 1993) prompted us to ask whether DE-cad ex expression in glial cells alone would be able to replicate certain aspects of the phenotype that result from global heat shock-driven expression. In this experiment, gcm-Gal4, which is expressed in all glial cells at embryonic and early larval stages, was used to drive ectopic DE-cad ex expression. The DE-cad ex expression was particularly high in the surface glia that cover neuroblasts at the surface of the brain (Fig. 4A) . The gcm-Gal4;UAS-DE-cad ex brains showed a decrease in the size of the central brain (results not shown) accompanied by a reduction in neuronal proliferation. Experimental and control larvae were treated with BrdU for 5 hr at the early second instar and allowed to develop until the third instar. Experimental brains had a twofold decrease in uptake of BrdU compared with control larval brains (Fig. 4B) , which suggests that the expression of DE-cad ex in glia cells results in reduced mitotic activity of neuroblasts.
DE-cadherin is required in secondary lineages for normal cell placement and axon tract formation
DE-cadherin is expressed at a high level in neuroblasts and recently born secondary neurons, which suggests that besides neuroblast proliferation, this adhesion molecule could be involved in neural morphogenesis and differentiation. To disturb DEcadherin function in neurons, DE-cad ex was expressed with elavGal4, which is expressed in neurons but not glial cells (Fig. 5A,B) . Two phenotypes were particularly evident: the irregular placement of secondary lineages in the cortex and the abnormal trajectory of proximal axon tracts. In control brains, neuroblasts were invariably held at the brain surface (Fig. 5C,D) . By contrast, neuroblasts in DE-cad ex -expressing brains were located at variable depths (Fig. 5E,G) . This phenotype is likely the result of increased mixing between secondary neurons of different ages and primary neurons caused by the absence of differential DEcadherin levels in all cells.
In addition to abnormal cortical layering, elav-Gal4;UAS-DEcad ex brains showed defects in the trajectory of proximal axon tracts. Proximal axon tracts in wild-type brains usually follow a straight radial course from the lineage of origin, through deeper cortical layers of older secondary neurons and primary neurons, toward the neuropile surface, where many tracts stop (Dumstrei et al., 2003) (Fig. 5C,D) . Proximal axon tracts in elav-Gal4;DEcad ex brains were approximately normal in number but often did not follow a straight radial trajectory (Fig. 5E,F,I ). Instead, they traveled at various angles relative to the surface and often followed a tortuous course. This demonstrates that proximal axons are still able to bundle together, possibly because of the expression of adhesion systems other than DE-cadherin; however, con- fronted with abnormally positioned neurons, these axons often grow in the wrong direction, are frequently "sidetracked" by obstacles in their path, or both. We also cannot exclude the possibility that axon outgrowth is normal initially but tracts become warped secondarily as a result of enhanced cell movement in the cortex because of reduced adhesion between somata or between somata and cortex glia.
Effect of DE-cad ex expression on glial morphology
Given that the severe abnormalities in neural proliferation and morphogenesis are caused at least in part by DE-cad ex expression in glial cells, we asked whether this expression causes structurally visible defects in glia. The use of anti-Repo antibody as a marker to monitor the number and pattern of glial cells showed that all three major types of glial cells were present (data not shown). Histological and EM sections confirmed that the surface glia layer was present (Fig. 6 A) . Structural defects were clearly evident in the neuropile glia and cortex glia. Neuropile glial cell bodies were less flattened; the neuropile sheath was interrupted by multiple gaps and clefts, which resulted in a mixing of cell bodies and axonal processes in the boundary area (Fig. 6C) . A dramatic phenotype was seen when DE-cad ex was expressed in cortex glia by the Nrv2-Gal4 driver line (Fig. 7B ) and in a combination of both cortex glia and neurons by Nrv2-Gal4 combined with elav-Gal4 (Fig. 7D) . In both instances, cortex glial cells showed a severe reduction in processes, which left wide areas of the cortex without trophospongium. At the same time, many cortex glial cell bodies appeared to be more rounded and bulky than their wild-type counterparts (Fig. 7A,B) . In cortical domains lacking the trophospongium, neurons that express markers normally restricted to the superficial layers, such as the castor epitope (Kambadur et al., 1998) (Fig. 7B,D) , are scattered throughout the entire cortex. We conclude that by interfering with neuron-glial adhesion, DEcad ex reduces the capability of cortex glia to slide processes between neurons. This in turn may be responsible in part for the increased movement of neurons and the resulting loss of strict layering of the cortex.
Discussion
We have previously shown that DEcadherin is expressed in the majority of postembryonic neuroblasts and transiently in their progeny, as well as in all three types of glial cells. In this report, we demonstrate that during different phases of postembryonic neurogenesis, DEcadherin is required for several functions that can be addressed experimentally. The UAS-DE-cad ex construct containing the extracellular and transmembrane domains of DE-cadherin was used to perturb the normal function of DE-cadherin. The nature of this perturbation is considered a dominant-negative effect for the following reasons (Wang, Dumstrei, Haag, and Hartenstein, unpublished observations): (1) when expressing DE-cad ex in embryos using a ubiqui- tous driver line, we see a range of defects that phenocopy the DE-cadherin loss-offunction allelic series; (2) expression of DE-cad ex in a shg null background does not result in any detectable phenotypic rescue, which suggests that this construct cannot mediate adhesive contacts; and (3) recent studies by Oda and Tsukita (1999) and LeBorgne et al. (2002) that focused on tracheal and sense organ development confirmed that a DE-cad ex construct acts in a dominant-negative manner.
Glial cells and proliferation
We detected high levels of DE-cadherin expression in the surface glia throughout larval development. Expression of DEcad ex with a ubiquitous driver line, hsGal4, results in brains with reduced neuronal proliferation activity, which resulted in lack of secondary neurons. The proliferation deficit appeared to exist in all lineages, although because of a lack of markers for specific lineages, we could not rule out that proliferation was more affected in some lineages than others. We speculate that the effect on neuroblast proliferation is mainly attributable to DEcad ex expression in the surface glia, given that activation of DE-cad ex by the gliaspecific gcm-Gal4 resulted in a similar, albeit weaker, phenotype than driving with hs-Gal4. At the same time, driving with Nrv2-Gal4 (expressed in cortex and neuropile glia) led to no detectable defects in the size of the larval brains.
Despite the strong reduction in secondary neurons after global expression of DEcad ex , the number of surface glial cells did not appear to be affected significantly. This suggests that surface glial growth is independent of neuroblast division. The mechanism of glial growth in the larval central brain has not been investigated. We are currently addressing this question by inducing labeled clones of neuronal and glial lineages. Preliminary data show that surface glia increase only slightly in number. Thus, occasional clones containing one or two isolated surface glial cells were observed (V. Hartenstein, unpublished data). Neither surface glia nor cortex glia appear to derive from mixed neural-glial clones (Hartenstein, unpublished data) .
Surface glia-derived signals controlling the onset of mitotic activity of neuroblasts have been reported previously (Ebens et al., 1993; Park et al., 1997) . According to these studies, the Anachronism (Ana) protein is expressed on membranes of surface glial cells surrounding the brain, peripheral nerves, and sensory complexes. Loss of Ana results in premature neuroblast proliferation in the larval brain. Thus, after a normal course of proliferation and mitotic quiescence, neuroblasts and optic anlagen in ana larvae start proliferating during the early first instar, resulting in morphogenetic abnormalities of both central brain and optic lobe (Ebens et al., 1993) . We speculate that DE-cadherin forms part of another molecular pathway that mediates glia-neuroblast interactions that Figure 6 . Effect of DE-cad ex on glial ultrastructure. All panels show electron micrographs of cross sections of mid third instar brains. In A and C, DE-cad ex is activated by a heat pulse delivered during the second instar. A, DE-cad ex does not noticeably affect the integrity of surface glia (sg), which forms a prominent sheath surrounding neuronal cell bodies (ne). Basement membrane (bm) is secreted by surface glia. B, Section of control wild-type brain showing neuronal cell bodies (ne), electron-dense septa of trophospongium formed by cortex glia (cg), and neuropile glial sheath (ng) formed around the central neuropile (np). Note tightly packed CBT (cbt) in cortex and large-diameter axons of primary neurons (ax) in neuropile. C, Expression of DE-cad ex disrupts cortex and neuropile glia. Note interrupted neuropile glial sheath (ng) and intermixing of neuronal somata (ne) and axons (ax) at the cortex-neuropile boundary. affect neuroblast division. Findings in the embryo, as well as recent results by Akong et al. (2002) on the role of the ␣-cateninbinding protein APC2, support this notion.
In the embryo, two lines of evidence implicate DE-cadherin in cell division. First, recent findings by Lu et al. (2001) indicate that the zonula adherens, formed by high concentrations of the cadherin-catenin complex (CCC) near the apical pole of epithelial cells, acts as a spindle-anchoring center that pulls the mitotic spindle into a horizontal position. Loss of the zonula adherens, induced by removal of the apical membrane protein Crumbs, results in ectodermal cells with vertical mitotic spindles. The same phenotype is observed after elimination of the function of DE-cadherin by expression of DE-cad ex (Wang, Dumstrei, Haag, and Hartenstein, unpublished observations) . In DE-cad exexpressing embryos, mitotic spindles in the surface layer are oriented randomly, with vertical spindles occurring as frequently as horizontal spindles. The control of mitotic spindle orientation by the CCC has also been reported for the sense organ precursor cells that divide and give rise to the mechanosensory bristles of the notum (Le Borgne et al., 2002) . According to the present findings, as well as a recent study by Akong et al. (2002) , mitotic spindles are little or not affected in larval brain neuroblasts, although the onset of frequency of mitosis of these cells is abnormal. This difference between embryonic and larval neural precursors may be related to the fact that in the embryo, neuroblasts delaminate from an epithelial layer (the neurectoderm), whereas such a layer is absent in the larval brain. Here, only glial cells cap the neuroblasts, and it is possible that the role of glial cells in neuroblast spindle orientation is different from that played by the embryonic neurectoderm.
At an even earlier stage, at the onset of gastrulation, DE-cadherin is involved in coordinating invagination and mitosis of mesoderm cells. In wild-type embryos, the mesoderm invaginates as an epithelial layer. Subsequently, mesoderm cells undergo a synchronous round of mitosis, accompanied by an epithelial-mesenchymal transition (Campos-Ortega and Hartenstein, 1985) . If DE-cad ex is expressed by a maternally activated driver line, mesoderm cells divide and become mesenchymal prematurely (Wang, Dumstrei, Haag, and Hartenstein, unpublished observations ). An almost identical phenotype was described recently for the mutation tribbles (trb; Grosshans and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin, 2000) . Trb encodes a cytoplasmic kinase that inhibits the cdc25 homolog String (Stg), thereby delaying mitosis of the mesoderm. It is possible that, similar to many other cytoplasmic enzymes, Trb is linked to the cytoskeleton, or even directly to the CCC. In this case, it would be plausible that Trb activity requires an intact CCC, explaining why disruption of DE-cadherin results in loss of Trb activity and premature mesoderm mitosis.
APC2, a Drosophila homolog of the adenomatosis coli (APC) protein, also plays a role in anchoring mitotic spindles in embryos and controlling proliferation of larval neuroblasts. The protein colocalizes with the other components of the CCC in embryos (McCartney et al., 2001) , as well as larval neuroblasts and neurons (McCartney et al., 1999) . Loss of APC2 negatively affects the number of neuroblasts that are reactivated in the larval period (Akong et al., 2002) . No effect on the (vertical) orientation of mitotic spindles of those neuroblasts that do divide was reported, similar to our findings on larval brain in which DE-cad ex is expressed ubiquitously or in surface glial cells.
It is not yet clear how the different phenotypes that resulted from disturbance of DE-cadherin can be integrated into one coherent picture. In epithelial cells [or modified epithelial cells such as sensory organ precursors investigated by LeBorgne et al. (2002) ], it is plausible that DE-cadherin, as part of the CCC, which links the cytoskeleton to the membrane, should be involved in mitotic spindle orientation. To date, there is no information as to how spindle orientation and the timing, or frequency, of mitosis are related, if at all. Ectodermal cells that divide vertically after deleting the zonula adherens appear to enter mitosis at approximately the same time at which they would divide normally (Lu et al., 2001 ). In the larva, where DEcadherin and other CCC components are positively required for proliferation, no significant effect on spindle orientation can be seen (Akong et al., 2002; this study) . It is possible that the effect of DEcadherin on spindle orientation in epithelial cells and proliferation in neuroblasts are unrelated. The positive involvement in neuroblast proliferation could be a reflection of the surface glia-derived mitogenic signal that activates neuroblasts. Thus, in the brain, DEcadherin might be involved primarily in mediating glia-neuroblast interactions. If these interactions fail, the mitogenic signal, which is separate from DE-cadherin, is unable to exert its effect on neuroblasts. This view would also explain why embryonic neuroblasts, which do not depend on glial cells for proliferation, show no requirement for DE-cadherin (Tepass et al., 1996) . ex in neurons and cortex glia affects glial morphology. All panels show confocal sections of mid third instar brains labeled with anti-castor antibody (red), a marker for recently born neurons, and Nrv2-Gal4;UAS-GFP, expressed in glia (green). A, Wild-type brain showing abundant trophospongium, formed by cortex glia (cg). Note the location of castor-positive neurons in superficial chambers of the trophospongium (arrowhead). The arrow demarcates a thick glial sheath formed by neuropile glia (ng). B, Nrv-Gal4;UAS-GFP;DEcad ex brain. The trophospongium is severely reduced. Castor-positive neurons are found throughout the cortex. The glial sheath surrounding the neuropile is uneven and full of gaps (arrow). C, Wild-type brain expressing GFP under the control of Nrv2-Gal4 (glia) and elav-Gal4 [neurons; faint labeling, mainly in primary neurons and neuropile (np)]. D, DE-cad ex driven by Nrv2-Gal4 and elav-Gal4. The phenotype is similar to that shown in B, with a severely reduced trophospongium and neuropile glial sheath.
shed more light on the question of how to evaluate the phylogenetic and functional relationship between glial cells of different phyla.
